F 0 F 1 -ATP synthases are the membrane-embedded rotary enzymes in mitochondria, chloroplasts, and bacteria that provide ATP through oxidative and photophosphorylation (1) . In these enzymes, ATP synthesis from ADP and phosphate is driven by the flow of ions, usually H ϩ , down an electrochemical potential difference across the plasma membrane (2) . Ion flow through the membrane-integral F 0 sector drives the rotation of the turbine-like ring of c subunits. Extensive analysis of the accessibility of sites within the adjacent a subunit supports the model that this subunit provides two half-channels allowing the proton to access the H ϩ binding site on the c subunit from either side of the membrane (3) . Rotation of the c ring by one subunit relative to a is required for net ion translocation by the system. The ␥ and ⑀ subunits of the membrane-peripheral F 1 sector interact with the c ring and turn with it. Rotation of these subunits relative to the catalytic sites housed in the three ␣␤ pairs drive conformational changes that are linked to the binding of substrates as well as the synthesis and release of ATP.
The overall structure of the Escherichia coli F 0 F 1 -ATP synthase has been visualized by electron microscopy (4). Single particle analysis and three-dimensional image reconstruction reveal that in addition to the central ␥⑀ stalk connecting F 1 and F 0 a second peripheral stalk links the two sectors. A number of lines of evidence show this peripheral stalk to be composed to two copies of the highly extended b subunit that interact with the single ␦ subunit near the top of the ␣ 3 ␤ 3 hexamer. Because the function of the peripheral stalk is to hold the a subunit and ␣ 3 ␤ 3 stationary to one another while the ␥⑀c 10 rotor turns, it is sometimes called the stator stalk. Although the details of interaction of b 2 ␦ with ␣ 3 ␤ 3 and with the a subunit are unknown, their arrangement and strength must be adequate to withstand the torque imparted by the turning rotor.
Limited high resolution structural information is available for the F 0 part of the enzyme. The crystal structure of the c ring from a Na ϩ -driven enzyme of Ilyobacter tartaricus has been solved at 2.4-Å resolution (5) . Additional information for the N-terminal parts of the b subunits connecting the membrane portion with the F 1 headpiece was obtained by NMR (6) , and the dimerization domain of the b 2 subunits has been crystallized (7) . A crystal structure of much of the stator stalk of bovine mitochondrial ATPase has been reported (8) , but this assembly is of a much different design, containing single copies of four different subunits. Structural details of subunit a are unavailable for any system, and the relative position of the a subunit in the membrane with respect to the b subunit remains unclear (see Fig. 1 ). In electron microscopic images, the hydrophobic membrane-embedded a subunit is covered by detergent molecules. Cross-linking experiments show the a subunit to be in contact with at least one of the b subunits, but the arrangement is uncertain. Mutational analyses imply that b 2 makes contact with both the a and the c subunits (9, 10) .
Here to determine the relative positions of the a and b 2 subunits and to discriminate between a symmetric arrangement between the two b subunits (indicated as position B in Fig. 1 ) or an asymmetric position, we used a triangulation approach using a set of intersubunit distance measurements derived from single molecule analyses of ATP synthase. Previously we established the relationship of the b subunit dimer to the positions that can be occupied by ⑀ using a similar method (11) . We use Förster-type fluorescence reso-nance energy transfer (FRET) 3 as an appropriate method for distance measurements in the range of 2-8 nm (12, 13) . It is based on the distance-dependent, non-radiative energy transfer between two fluorophores. Bulk FRET analysis has been used successfully to predict the subunit arrangement in a number of proteins, but this approach is limited by problems of ensemble averaging. For example, achieving specific and complete labeling of a single site is often challenging. Multiple conformations of a protein or conformational fluctuations during the measurement time require resolution of more than one distance simultaneously. These limitations may be overcome by observing only a single molecule in a given time interval (14) . Single molecule FRET measurements were introduced about a decade ago, and the method has now matured as a standard fluorescence technique (15, 16) . Using several pairs of amino acid positions, single molecule triangulation methods result in an accuracy of about 0.5 nm for the three-dimensional localization of the fluorophores (17, 18) .
F 0 F 1 -ATP synthase is a non-synchronizable enzyme with an intrinsic 3-fold pseudosymmetry arising from the number and arrangement of the three ␣␤ pairs and the three associated positions of the central ␥ and ⑀ subunits during catalysis. In the current work, we used the three-stepped rotation of ␥ and ⑀ to obtain a set of three distance measurements to a-EGFP within a single enzyme. To assign the three-dimensional position of the FRET donor EGFP fused to subunit a, we made use of the distance constraints between the EGFP and the N terminus of the c subunits and of the previously demonstrated distinct dwell times of the three positions of the rotating ⑀ subunit (11) .
EXPERIMENTAL PROCEDURES

Construction of a Plasmid Carrying the a-EGFP Fusion-
Plasmid pSD166 is a derivative of pACWU1.2 (19) with EGFP fused to the C terminus of the a subunit. To construct this plasmid, a sequence encoding EGFP was amplified using the following oligonucleotide primers: GCTCTGATCATG-GATCCATGGTGAGC and GCTCAGATCTTTACTTGTA-CAGCTCGTCCATGCC (restriction sites for BclI and BglII are indicated in bold). The product was cut with BclI and BglII and cloned into pVF172, which carries part of the unc operon with a BglII site introduced at the 3Ј-end of uncB, which encodes the a subunit (20) . A transformant bearing the insert in the proper direction for expression of an a-EGFP fusion protein was called pSD165. The 1573-bp PflMI/AvaI fragment of pSD165 was ligated with the 366-bp AvaI/PpuMI fragment of pSC5 (19, 21) and the 8.0-kbp PflMI/PpuMI fragment of pACWU1.2 in a three-part ligation to obtain plasmid pSD166. This plasmid encodes a cysteineless ATP synthase with the C terminus of the a subunit fused to EGFP through a GSMV linker. The sequence of the fusion region, MASEDHGSMVSKGEEL, can be related to the C-terminal sequence of a, MASEEH, and the N-terminal sequence of EGFP, MSKGEEL.
Expression, Purification and Spectral Characterization of F 0 F 1 -F 1 carrying either the ⑀H56C or ␥T106C mutation was prepared as described previously (11, 22) after expressing plasmid pRAP100 or pRA114 (23) , respectively, in strain RA1 (24) . Specific labeling of ⑀56 or ␥106 with Alexa568-maleimide (Molecular Probes) was carried out to a labeling efficiency of about 30% (25) . The specificity of the labeling was checked by the fluorogram of a SDS-PAGE gel.
Plasmid pSD166 carrying the EGFP fusion protein was expressed in strain RA1, and cell growth kinetics were similar to those of strain RA1 expressing pRA114. ATP synthase was purified as described previously (26) . The isolated F 1 F 0 -EGFP was reconstituted into preformed liposomes (diameter, ϳ120 nm), and F 1 was exchanged with Alexa568-labeled F 1 carrying the ⑀H56C or ␥T106C mutations as described in Reference 11, resulting in membrane-integrated F 0 F 1 labeled with both the FRET donor (EGFP) and the acceptor (Alexa568). Spectral analysis of the original preparation of ATP synthase carrying the a-EGFP fusion revealed impurities with a pH-dependent absorption band around 425 nm that could correspond to porphyrins or cytochromes. These impurities were non-fluorescent at the emission wavelengths used for the subsequent FRET measurements and were not anticipated to disturb the single molecule measurements for two reasons. (i) In the subsequent step of the preparation, the F 1 parts were removed and replaced by Alexa568-labeled F 1 to yield the intramolecular FRET system in the F 0 F 1 -ATP synthase. (ii) Remaining impurities in the lipid membrane that, in principle, could act as FRET acceptors will not show a stepping FRET level sequence during ATP hydrolysis and therefore would be discarded automatically as non-rotating FRET sources in the single molecule data analysis. Rates of ATP synthesis and hydrolysis were measured at 23 and 37°C, respectively, as described previously (11) . In the presence of 60 M 1,3-dicyclohexylcarbodiimide, ATP synthesis activity of reconstituted F 0 F 1 -ATP synthase was completely abolished.
Confocal Single Molecule FRET Measurements-The single molecule measurements were carried out on a home-built confocal microscope (27) (28) (29) . Proteoliposomes were excited continuously at 488 nm (argon ion laser, model 2020, Spectra Physics) or with picosecond pulses at 80 MHz (PicoTA490, Picoquant, Berlin, Germany), respectively (30) . The laser beam was attenuated to 150 microwatts on the back aperture of the microscope objective and focused by a water immersion objective (UPlanSApo 60ϫ, numerical aperture 1.2, Olympus) into a droplet of buffer solution placed on a microscope coverslide. The fluorescence emission was separated from the excitation light by a dichroic beam splitter (c488RDC, AHF analysentechnik AG, Tübingen, Germany). Emission of the two fluorophores was split by a second dichroic beamsplitter (HQ 575, AHF analysentechnik AG). Single photons were detected separately by two avalanche photodiodes (SPCM-AQR-14, EG&G, Quebec, Canada) after passing an interference filter (HQ 532/ 70, AHF analysentechnik AG) for EGFP or a long pass filter (LP595, AHF analysentechnik AG) for Alexa568. Detection efficiencies were D ϭ 0.364 for EGFP and A ϭ 0.404 for Alexa568. A cross-talk of 6.3% from donor fluorescence in the acceptor channel was corrected. Photons were counted by a TCSPC card (SPC630, Becker & Hickl, Berlin, Germany) in first-in-first-out (FIFO) mode with 50-ns time resolution using the router electronics (HRT-82, Becker & Hickl) to assign the FRET channel information for each photon. The TCSPC data also contained the arrival time information for the laser pulse for FRET donor fluorescence lifetime measurements with picosecond resolution. Fluorescence anisotropies of single EGFP-a-F 0 F 1 (linear polarized excitation with 488 nm) or F 0 -Alexa568-⑀-F 1 (linear polarized excitation with 561 nm; continuous wave laser Jive, Cobolt, Stockholm, Sweden) in liposomes were measured separately in the confocal microscope using a polarizing beamsplitter in the fluorescence pathway. Signals of the two avalanche photodiodes were recorded by two synchronized, fast TCSPC cards (SPC152, Becker & Hickl). Intensity thresholds were applied to identify individual photon bursts, and fluorescence anisotropy values were calculated for each burst after correction for the avalanche photodiode detection efficiencies. Solutions of rhodamine 110, erythrosine, rhodamine 101, and a new perylene dye (31) in water were used as anisotropy references.
Data Analysis-Fluorescence intensity time trajectories were binned to 1 ms using the custom-made software "Burst_ Analyzer" (32) . Photon bursts of single F 0 F 1 -ATP synthases were identified by intensity thresholds for the FRET donor and acceptor channels after substraction of a background signal of about 2-5 counts/ms. FRET levels and changes of FRET levels were assigned manually within each photon burst as described previously (33) . Only FRET levels from photon bursts showing two or more FRET transitions were included in the FRET efficiency histograms. Fitting the histogram by Gaussian distributions yielded the mean values for the distinct distances assuming the previously determined fluorescence quantum yields of EGFP and Alexa568. The regular sequence of FRET transitions upon ATP hydrolysis was revealed from the maxima in the twodimensional FRET transition density plot according to Ref. 34 . Lower and upper FRET efficiency limits for the three mean FRET levels were assigned from the FRET transition density plot. Subsequently each FRET level within a photon burst was attributed to one of the three main FRET states. The subset of photon bursts with three or more FRET levels in the regular FRET transition sequence was selected to calculate the dwell times (from the intermediate FRET levels only) and to triangulate one single position of the EGFP chromophore by each set of three consecutive FRET levels.
RESULTS
The single molecule FRET triangulation approach to localize subunit a of F 0 relies initially on determination of distances to the three stopping positions of the rotating ⑀ or ␥ subunits of F 1 during ATP hydrolysis. In a subsequent step, the dwell times of previous single molecule FRET measurements between ⑀ and the b subunit dimer are compared with the dwell times obtained for the new FRET experiments to allow correlation of the three stopping positions so that the relationship of the positions of a and b 2 may be established. This approach requires that four specific goals be achieved: (a) specific labeling of subunit a, (b) functional reassembling of the labeled F 0 with a specifically labeled ⑀ or ␥ subunit of F 1 , (c) discrimination of the three FRET efficiencies depending on the relative orientations of ␥ or ⑀, and (d) correlation of the different dwell times obtained in the FRET experiments of ⑀ rotation versus subunit b to the dwell times obtained in the FRET experiments of the rotation of ⑀ or ␥ versus subunit a.
The Fusion of EGFP to the C terminus of Subunit a-To specifically label the subunit a of F 0 F 1 with a fluorophore for intramolecular FRET distance measurements we fused the autofluorescent protein EGFP to the C terminus of subunit a, which is located on the cytosolic side of the membrane. In fluorescence microscopic images, the EGFP fusion to F 0 F 1 is located at the cell membrane (see supplemental Fig. S1 ). Few cells showed fluorescent inclusion bodies. The ATP synthase plasmid carrying the a-EGFP fusion supported growth of cells on non-fermentable carbon sources (acetate and succinate) at rates comparable to those of the wild type. We conclude that the fusion of EGFP did not impair the functionality of the F 0 F 1 -ATP synthase in E. coli.
The enzyme was isolated from the plasma membranes and reconstituted into lipid vesicles to yield a ratio of not more than one ATP synthase per liposome. ATP synthesis (v S ϭ 32 s Ϫ1 at 23°C) and hydrolysis (v H ϭ 330 s Ϫ1 at 37°C) activities were measured.
The fluorescence spectra of EGFP fused to subunit a of F 0 F 1 in the presence of 0.1% dodecylmaltoside showed a small (2-nm) red shift of the fluorescence excitation maximum at pH 8.8 compared with free EGFP, and the emission maximum at 510 nm was nearly identical to published data (35) . The fluorescence quantum yield for the EGFP fusion, ⌽ Fl ϭ 0.4, was measured previously (36) . The single molecule brightness of EGFP on subunit a was found to be lower than that of rhodamine 110 in solution using fluorescence correlation spectroscopy. Nevertheless a mean number of detected photons n ϭ 55 kHz per EGFP was achievable by excitation at 488 nm with a laser power of 150 microwatts at the back focal plane of the microscope objective. The fluorescence lifetime of EGFP fused to F 0 F 1 was found to consist of two components in the absence of a FRET acceptor. The major fraction had a lifetime ϳ2.7 ns, whereas a minor fraction showed a lifetime ϳ2.2 ns in accordance with the literature (37). To summarize, the fluorescence properties of the EGFP fused to the a subunit were as expected, and the fluorophore seemed to be suitable for the single molecule FRET distance measurements.
Single Molecule FRET Levels from a-EGFP to Positions ⑀56 or ␥106 during ATP Hydrolysis-The quantitative removal of the F 1 part from F 0 F 1 -ATP synthase in lipid membranes was accomplished in the absence of Mg 2ϩ . Afterwards the enzyme was reassembled in the presence of Mg 2ϩ with F 1 labeled with Alexa568 at position ⑀56 or ␥106. The mean ATP synthesis activity was measured as v S ϭ 40 ATP s Ϫ1 at 23°C; this is comparable to previously measured synthesis rates for labeled enzymes, which show modest reductions compared with unlabeled forms (33, 38) .
For the single molecule measurements, proteoliposomes carrying single FRET-labeled ATP synthase molecules were diluted to ϳ100 pM. Confocal excitation in a femtoliter-sized volume was achieved by focusing the 488 nm laser line of an argon ion laser (or 476 nm of a krypton ion laser for F 0 F 1 -ATP synthase labeled with the FRET acceptor at the ␥ subunit) into a microscope objective. As a single ATP synthase diffused freely into the confocal volume, a burst of photons was generated that was registered in the two spectral ranges corresponding to the FRET donor and FRET acceptor. Photon bursts of single liposome-embedded F 0 F 1 , containing a-EGFP and ⑀56-Alexa568, are shown in Fig. 2 . In the presence of 1 mM ATP, the rotation of subunit ⑀ with the attached FRET acceptor relative to EGFP on the non-rotating a subunit caused a stepwise change of the relative fluorescence intensities (Fig. 2, lower panels) with the rotor stopping at the catalytic dwell (39) . We calculated the proximity factor P for each time bin as follows.
where I A and I D are the background-corrected fluorescence intensities in the FRET acceptor or donor channel, respectively.
We manually assigned the switching points of the FRET levels (Fig. 2, upper panels) . These changes are related to the distance changes between the two fluorophores and were analyzed as FRET efficiency changes. Three main FRET levels were identified in photon bursts showing fluctuations: the mean low FRET efficiency (L) level was found at P ϭ 0.2 Ϯ 0.03, the mean medium FRET efficiency (M) was at P ϭ 0.5 Ϯ 0.08, and the mean high FRET efficiency (H) was at P ϭ 0.86 Ϯ 0.03 (Fig. 3A) . For more than 79% of the FRET-labeled ATP synthases show- ing subunit rotation during ATP hydrolysis, the sequence of the FRET level transitions was 3
In addition to measuring FRET between a-GFP and position ⑀56, we measured single molecule FRET to Alexa568 at residue 106 of the ␥ subunit of F 0 F 1 during ATP hydrolysis, yielding an independent set of distances (see supplemental Figs. S2 and S3). As with the samples containing labeled ⑀, three distinct FRET efficiency levels were found in fluctuating photon bursts according to the stepwise rotation of the ␥ subunit. The sequence of FRET level transitions was 3 L 3 M 3 H for about 80% of the photon bursts in accordance with the sequence observed above. In contrast, during proton-driven ATP synthesis in the presence of Mg 2ϩ , ADP, and phosphate the direction of rotation was reversed (see supplemental material) as deduced from the opposite order of FRET level transitions.
The sequence of FRET levels observed here during ATP hydrolysis are apparently opposite to the sequence observed previously when the enzymes were labeled at ␥ and the b subunit dimer (38) and also for the single molecule FRET measurements between ⑀ and b (11). This difference must reflect the different positions of a-EGFP and b 2 in the enzyme. A position of the FRET donor EGFP on one side of the peripheral b subunit dimer but not a position symmetrically in between the two b subunits, position "B" in Fig. 1 , results in the observed change in sequence.
FRET distances for a-EGFP versus ⑀56-Assuming a fluorescence quantum yield of 0.66 (40) for Alexa568 at ⑀56, the proximity factor values can be transformed to FRET efficiencies, E FRET .
where ␥ is a correction factor for spectral detection efficiencies and fluorescence quantum yields of the FRET donor and acceptor. Alternatively the FRET efficiency is calculated from the FRET donor lifetime in the absence of an acceptor, D , and in the presence of an acceptor, DA .
The distances r DA between the fluorophores are related to E FRET by
according to the Förster theory with R 0 being the Förster radius, that is the distance for 50% E FRET . We calculated R 0 ϭ 4.9 nm for EGFP and Alexa568 using the fluorescence quantum yields given above. For each FRET level, the distance values can be plotted in pairs to obtain the FRET transition density plot shown in Fig. 3B . The maximum of each FRET level was obtained by fitting the histograms shown in Fig. 3A with three Gaussians distributions, and the corresponding mean distances between the labels were calculated to be 6.8 nm for the low FRET orientation, 5.4 nm for the medium FRET orientation, and 4.0 nm for the high FRET orientation. As a control we applied pulsed excitation at 488 nm to analyze the FRET donor lifetimes in the presence of a FRET acceptor for each FRET level in a single ATP synthase. Three distinct FRET efficiencies were found. The mean L-level with an EGFP lifetime L ϳ2.45 ns corresponded to a 6.8-nm distance, the mean M-level with M ϳ1.76 ns corresponded to a 5.3-nm distance, and the mean H-level with H ϳ0.89 ns corresponded to a 4.3-nm distance (36) . Thus, intensity-based and lifetime-based FRET efficiency measurements were in good agreement. At this point, the EGFP position at the C terminus of a was defined by the three distances with respect to ⑀56. For the triangulation we assume that the three stopping positions of the rotary ⑀ (or ␥) subunit can be placed on a circle. According to the E. coli ␥⑀ structure (41), the amino acid position of ⑀56 is probably 2.5 nm distant from the expected axis of rotation, and the ␥106 position is about 3 nm off-axis. Given the stopping positions of ⑀56 (or ␥106) separated by 120°, triangulation of EGFP from the mean FRET distances yields six possible positions. Three positions are above the plane of stopping positions of ⑀56 and ␥106, and three are below the plane toward the F 0 part. For all positions, the height from the plane ranged from 2.5 to 4.0 nm, depending on the chosen radius of the circle, with smaller radii corresponding to larger heights.
Dwell Time Analysis of FRET Distances-For an unequivocal three-dimensional positioning we now have to discriminate the six possible positions of the EGFP. We start with identifying a specific orientation of ⑀ and ␥ with respect to the b subunit dimer as the external reference in the following analysis.
Cross-linking experiments (21, 42) and stable ab 2 subcomplex formation (43, 44) between the transmembrane helices of subunit a and the N-terminal membrane portion of subunit b have established the nearby arrangement between these two subunits. Therefore, a theoretical position of subunit a on the opposite side of the ring of c subunits without direct contacts to the b subunit can be excluded, and only four possible positions for EGFP fused to subunit a remain, that is to the left or to the right of the b subunits and above or below the plane of ␥ or ⑀ rotation.
Previously we have shown that the dwell times of the three stopping positions of the ⑀ subunit in F 0 F 1 -ATP synthase are not identical, providing a basis for distinguishing between them (11, 32). In Fig. 4 (Table 1) . Prebinning the dwell times to 3-ms intervals resulted in apparently higher time resolution (see supplemental material) but confirmed the shortest dwell time of the low FRET orientation. Dwell times for the holoenzyme F 0 F 1 -ATP synthase reconstituted in lipid vesicles were much longer compared with the high rotational speed reported for single F 1 fragments (39, 45) that was interpreted as an indication of a low proton leakage of the liposomes (11) . For the case of FRET between a-EGFP and ␥, the shortest dwell time of 16 ms was associated with a high FRET orientation (see supplemental Fig. S4 ). To associate these FRET orientations with the different dwell times found previously for the ⑀ versus b FRET measurements, we refer to the ␥/⑀ crystal structure of the E. coli ATP synthase (41) . Based on this structure, during counterclockwise stepped rotation of ␥ and ⑀, the ␥106 position will be 120°behind position ⑀56. The bottom view of the F 0 F 1 -ATP synthase in Fig. 5 shows the three stopping positions of ⑀ labeled I-III.
Position I for ⑀56 was the medium FRET position in the previous FRET experiments of ⑀56 with respect to position b64, which exhibited the shortest dwell. Position II for ⑀56 was the low FRET orientation for ⑀56 versus b64 with the longest dwell. Now we evaluate which position for the EGFP matches the dwell time behavior. If we assume that the likely position of the EGFP at the a subunit is the "C" position for EGFP in Figs. 1 and 5 , then both findings of the shortest dwell time for the low FRET orientation of ⑀56 (position I) as well as the longest dwell time for the medium FRET orientation of ⑀56 (position II) would fit. In addition, the high FRET orientation of ␥106 (i.e. position III) with the shortest dwell time corresponds to the low FRET position of ⑀56. In contrast, if we would assume that the "A" position of EGFP with respect to the b subunits is correct, than the dwell time behavior cannot be explained. We conclude that the "C" position is the most likely one for EGFP. Three-dimensional Model with Allocated C Terminus of Subunit a-Given the three a-⑀ FRET distances of 6.8, 5.3, and 4.0 nm, the likely radius of rotation between 3.5 and 2.5 nm for the FRET acceptor Alexa568 at ⑀56 yielded an EGFP-chromophore position between 3 and 3.5 nm above or below this plane of rotation. A final decision has to be made of which of the two remaining EGFP positions is appropriate, that is the "up" position toward the F 1 headpiece or the "down" position at the membrane level. The expectation that the EGFP has to be placed at the membrane level because of the short 4-amino acid linker to the C terminus of subunit a, is supported by preliminary single molecule FRET distance measurements between EGFP at the cytoplasmic side of the a subunit and the N terminus of the c subunit on the periplasmic side of the membrane with shortest distances of about 4 nm during proton-driven rotation of the c ring (46) . Therefore, it appears that EGFP takes the down position, likely making contact with the membrane surface.
Following the localization of EGFP at subunit a from mean distance values obtained by single molecule FRET, we reselected those F 0 F 1 -ATP synthases that showed three or more FRET levels in a single photon burst. From each triple set of sequential FRET levels in single photon bursts (or distances, respectively) in ATP hydrolysis order, the individual position of EGFP was reconstructed. The three-dimensional distribution of the EGFP positions was found to be highly consistent with only minor deviations. Thereby the error of the FRET triangulation approach could be estimated. The largest uncertainty was related to the determination of the height of EGFP with respect to the membrane and the plane of ⑀56 rotation (Fig. 6) . However, compared with the determination of the b64 positions with respect to ⑀56 using the same FRET triangulation approach of successive FRET levels in single bursts, the absolute error was smaller for the EGFP positioning. This is because of the differences in the Förster radii for the two FRET pairs. The smaller R 0 for EGFP-Alexa568 compensated for the larger relative errors because of significantly lower brightness or quantum yields, respectively. The shortest dwell times are highlighted (bold); dwell times are given with errors (Ϯ S.D.) for the fitting. Labeling ␥106 slightly reduced the catalytic activities as reported previously (11, 33) . Distances between fluorophore positions I, II, and III (or IЈ, IIЈ, and IIIЈ for ␥106, respectively) and C refer to positions denoted in Fig. 5 .
Distance
Dwell time nm ms
Alexa568 at ⑀56 Low FRET (I 7 C) 6. 
DISCUSSION
We applied single molecule FRET measurements to triangulate the position of subunit a with respect to the b 2 dimer in F 0 F 1 -ATP synthase. As a prerequisite, specific labeling of a was achieved by fusion of the autofluorescent protein EGFP to the C terminus of a. The size of EGFP is about 5 nm in height and 3 nm in diameter (47) . However, the additional protein mass on the proton-translocating subunit did not derogate the catalytic rates for ATP hydrolysis or ATP synthesis according to the biochemical ensemble measurements. Therefore the large size of EGFP could also be used for an alternative triangulation approach as shown for the oligomycin sensitivity-conferring protein (OSCP) subunit of the mitochondrial ATP synthase. Comparison of electron microscopic images of F 0 F 1 with and without an added protein yielded the three-dimensional position of the C terminus with a small error of about 1 nm (48) .
As the FRET acceptor we used a small rhodamine dye, Alexa568, which was bound specifically to cysteines at the ⑀ or the ␥ subunit in the F 1 part. These cysteine mutations did not affect the enzyme activities (38) . During ATP hydrolysis in the presence of 1 mM ATP, the 120°stepped rotation of ⑀ or ␥ moved the FRET acceptor fluorophore on a circle with ϳ2.5-3.5-nm radius as expected from the size of the c ring consisting of 10 subunits. Thereby the distances to the FRET donor placed slightly outside the circle will change between 3 (shortest distance) and 7 nm (longest distance). FRET distance measurements are most accurate around the Förster distance R 0 for 50% energy transfer. For the FRET fluorophores EGFP and Alexa568 we calculated R 0 ϭ 4.9 nm assuming an orientation factor 2 ϭ 2/3 (justified by single fluorophore anisotropies r ϭ 0.3 for EGFP and r Ͻ 0.1 for Alexa568 at F 0 F 1 ). Accordingly we estimated a maximum distance error of about 1 nm for the short as well as the long distances. However, the narrow threedimensional distribution for individual EGFP positions shown in Fig. 6B results from the single molecule FRET triangulations that clearly indicate that only a small deviation for the mean EGFP position is expected.
Because of the size of EGFP, the distance between the C terminus of subunit a and the internal position of the chromophore is about 2.5 nm. This raises the possibility that changes in FRET could reflect motions, on the millisecond time scale, of EGFP between two or three metastable positions relative to ATP synthase rather than rotation. In this case, however, a random order of changes in FRET efficiency would be expected (see supplemental material). Any signals with changes that did not match the standard pattern (3 L 3 M 3 H 3 L 3) were therefore omitted from the triangulation calculation and dwell time analysis. Our results showing the clustered positions of the EGFP chromophore (Fig. 6B ) calculated from single F 0 F 1 -ATP synthases rotating unidirectionally support a stable position of EGFP. As we do not know the orientation of EGFP with respect to the membrane plane, the apparent large distance between the b subunits (represented as yellow dots for residue b64 in Fig. 6 ) and the EGFP chromophore might be explained by an orientation of EGFP with the long axis parallel to the membrane. Thereby the proposed compact helix arrangement in a with the C-terminal transmembrane helix 5 adjacent to transmembrane helix 3 (49) is not contradictory to the FRET localization presented here. A mean distance between 3 and 3.5 nm from the EGFP chromophore to the axis of rotation for ␥, ⑀, and c 10 supports this assumption of EGFP oriented parallel to the membrane plane and to the c ring. In addition, a hypothetical orientation of EGFP perpendicular to the membrane would place a large fraction of the protein inside the lipid membrane; this seems unlikely.
Electron microscopic images of the mitochondrial F 0 F 1 (50) support the localization of a. There an additional protein mass was found in an asymmetric position to the right of the mitochondrial subunits comprising the peripheral static connection between F 1 and F 0 . However, the mitochondrial enzyme consists of several additional small subunits in the membrane portion of F 0 . Similarly the proton-translocating subunit of the chloroplast ATP synthase had been placed asymmetrically near the peripheral stalk (51) .
What might be a structural or functional advantage for subunit a located in this position with respect to b 2 ? During ATP synthesis the rotation of the ring of c subunits is expected to occur clockwise when viewed from the periplasmic side of the membrane. This will force the adjacent a subunit to move relatively into the opposite direction. With subunit a placed to the right side of b, the forced movement will push a against b, or vice versa, the b subunits will prevent a to counter-rotate. In the case of ATP hydrolysis, the counterclockwise rotation of ␥ and ⑀ induces an opposing torque on F 1 and the peripheral stalk that is transmitted to the b 2 -a interface (52) . Accordingly the b dimer is again pushed against the a subunit. It seems to be likely that the stator subunits not only hold the non-rotating F 1 subunits mechanically in place but are arranged in the F 0 part so that the force that is imposed on the a-b 2 interface as the two rotary motors work against one another acts to push the membrane domains of these subunits together rather than pulling them apart. Thus, their relationship is stabilized rather than destabilized as rotational forces are strengthened.
